Abstract: Flood risk management in the context of Integrated Water Resource Management (IWRM) is becoming widely accepted as an approach to improving resilience in light of increasing flood risks due to climate change and other factors. This paper contributes to a better understanding of the governance arrangements needed for effectively implement integrated approaches to managing flood risk. We compare how IWRM and flood risk management have been operationalized within "top-down" and "bottom-up" governance arrangements in the European Union and the United States. We focus in particular on two case study regions, the Catalan coastal region in Spain and the San Francisco Bay Area in California, which have strong similarities in economy, climate, and environmental values, but different institutional settings. Our findings contribute empirical evidence of the need for a balance between "top-down" and "bottom-up" approaches. While the San Francisco Bay Area's strongly collaborative and participatory approach has generated new connections among flood managers and other stakeholders, the lack of a central entity with the capacity and mandate for on-going coordination and region-wide risk assessments appears to constrain its ability to support integrated and adaptive management. The European Union's top-down approach and the presence of a central authority at the river basin scale have led to a consolidated regional plan in Catalonia encompassing all phases of flood risk management, but the degree of engagement and opportunities for knowledge-sharing among participants may be more limited.
Introduction
Integrated Water Resources Management (IWRM) has gained widespread currency as an approach for managing water sustainably in the face of increasing demands and uncertainties [1, 2] . As defined by the Global Water Partnership, IWRM is "a process which promotes coordinated development and management of water, land, and related resources in order to maximize economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems" [3] . IWRM is closely intertwined with the notion that water resources should be managed at the river basin or catchment scale, in order to promote the holistic management of all ecological and social elements of a water system [2, 4] (the concept of river basin planning was not always identified with [25, 26] and the concepts of G.F. White [28] .
Materials and Methods
We reviewed policy documents and literature to compare IWRM as implemented in the EU under the Water Framework Directive (WFD) and Floods Directive (FD), with national, state and regional-level IWRM efforts in the US. We then identified two case studies for a detailed examination of the implementation of IWRM and flood risk management actions: The Catalan coastal region around Barcelona, Spain, and the San Francisco Bay region in California, US. These two regions were selected because they have similar climatic and socio-economic characteristics (described later in this section), but very different governance structures.
To compare the flood risk in both areas we analyzed data from official reports of the Department of Water Resources in California and the Directorate General of Civil Protection in Catalonia. There were no official numbers of estimated potential economic losses and number of people in flood prone areas in the Catalan River Basin District, so we compiled data at a municipal scale for the 635 municipalities included in the Catalan River Basin District.
To understand how IWRM and flood risk management have been implemented in these regions, we examined all the reports related to the Catalan River Basin District (Water) Management Plan and the Catalan River Basin District Flood Risk Management Plan, both completed in 2015, and the San Francisco Bay Area Integrated Regional Water Management (IRWM) Plan ("SF Bay Plan"), completed in 2013 (note that California's Integrated Regional Water Management program is abbreviated IRWM, while the broader concept of Integrated Water Resources Management is referred to as IWRM). We reviewed the WFD and FD and national water legislation and conducted a more detailed review of each plan, specifically of content related to the four phases of flood risk management. We also conducted a specific analysis of flood-related projects for the SF Bay Plan and the flood risk management measures described in the Catalan River Basin District Flood Risk Management Plan. We reviewed governance structures, guidance documents, and mapping products in both regions, with specific reference to who has participated in the process, and how the four stages of the flood risk management cycle have been addressed.
We conducted three face-to-face semi-structured interviews with staff from the Catalan Water Agency in Barcelona, supplemented with details via email exchanges with key government officials, and four semi-structured phone interviews with representatives of agencies involved in the [25, 26] and the concepts of G.F. White [28] .
We conducted three face-to-face semi-structured interviews with staff from the Catalan Water Agency in Barcelona, supplemented with details via email exchanges with key government officials, and four semi-structured phone interviews with representatives of agencies involved in the development of the SF Bay Plan. The interviews were aimed at clarifying the process through which these plans were created, and to determine how they integrated each stage of the flood risk management cycle. Of the texts reviewed for Barcelona, most of the documents were in Catalan or Spanish, the native languages of the lead author. Interviews with Catalan officials were in English and Catalan. We manually coded transcripts of all interviews for themes related to flood risk management. While phone interviews in the Bay Area could not convey all the nuances of face-to-face interviews, the co-author had attended three Bay Area IRWM meetings and met all interviewees in person. This paper is also informed by a larger study conducted by one of the authors (Conrad) of the California IRWM process as a whole [29] .
Catalan and California Study Area Descriptions
The Catalan coastal region around Barcelona, Catalonia, Spain, and the San Francisco Bay region around San Francisco, California, US, are both administrative regions for implementation of IWRM, and include densely settled coastal and estuarine urban areas and drainages from nearby coast ranges ( Figure 2 ). Both regions exclude large inland river basins that traverse the coastal region but whose inland basins fall in different administrative regions (the Ebro River in Catalonia, the Sacramento-San Joaquin in California). These coastal Catalan and San Francisco Bay regions lend themselves well to comparison by virtue of their similar sizes and populations, similar topography, climate, and consequent nature of the flood hazards, and history of water resources development. Furthermore, the highly variable hydrological regime that characterizes Mediterranean climate-rivers [6] and the rapid urbanization in recent decades along the coast in both regions give these areas among the highest flood risk in Europe and North America [30] [31] [32] . The steady increase in catastrophic flood losses in Catalonia is evidently due not to an increase in rain intensities or amounts, but rather is related to increased human occupation of flood prone areas [33] . However, climate change threatens to increase the intensity and frequency of extreme hydro-meteorological events in the Mediterranean region [34] . development of the SF Bay Plan. The interviews were aimed at clarifying the process through which these plans were created, and to determine how they integrated each stage of the flood risk management cycle. Of the texts reviewed for Barcelona, most of the documents were in Catalan or Spanish, the native languages of the lead author. Interviews with Catalan officials were in English and Catalan. We manually coded transcripts of all interviews for themes related to flood risk management. While phone interviews in the Bay Area could not convey all the nuances of face-to-face interviews, the co-author had attended three Bay Area IRWM meetings and met all interviewees in person. This paper is also informed by a larger study conducted by one of the authors (Conrad) of the California IRWM process as a whole [29] .
The Catalan coastal region around Barcelona, Catalonia, Spain, and the San Francisco Bay region around San Francisco, California, US, are both administrative regions for implementation of IWRM, and include densely settled coastal and estuarine urban areas and drainages from nearby coast ranges ( Figure 2 ). Both regions exclude large inland river basins that traverse the coastal region but whose inland basins fall in different administrative regions (the Ebro River in Catalonia, the Sacramento-San Joaquin in California). These coastal Catalan and San Francisco Bay regions lend themselves well to comparison by virtue of their similar sizes and populations, similar topography, climate, and consequent nature of the flood hazards, and history of water resources development. Furthermore, the highly variable hydrological regime that characterizes Mediterranean climate-rivers [6] and the rapid urbanization in recent decades along the coast in both regions give these areas among the highest flood risk in Europe and North America [30] [31] [32] . The steady increase in catastrophic flood losses in Catalonia is evidently due not to an increase in rain intensities or amounts, but rather is related to increased human occupation of flood prone areas [33] . However, climate change threatens to increase the intensity and frequency of extreme hydro-meteorological events in the Mediterranean region [34] . The Flood Emergency Plan for Catalonia (INUNCAT) [35] includes an annex showing estimated populations and infrastructure exposed to flood risk by municipality. Summing these values for all 635 municipalities within the Catalan River Basin District yields over 360,000 people and 70 million euros in infrastructure. However, the Emergency Plan [35] warns that these numbers should not be taken as accurate, only as an indication of overall risk due to limitations in the data, The Flood Emergency Plan for Catalonia (INUNCAT) [35] includes an annex showing estimated populations and infrastructure exposed to flood risk by municipality. Summing these values for all 635 municipalities within the Catalan River Basin District yields over 360,000 people and 70 million euros in infrastructure. However, the Emergency Plan [35] warns that these numbers should not be taken as accurate, only as an indication of overall risk due to limitations in the data, and in our compilation of values from the 635 municipalities within our study area we found numerous municipalities without data. The maps published with the Emergency Plan [35] clearly show a greater exposure to flood risk in coastal areas. The San Francisco Bay Area is also subject to significant flood risks, which will likely be exacerbated due to sea level rise [36] . In 2013, an estimated one million people and $130 billion in infrastructure were exposed to flood risk [37] . However, the regions differ sharply in the institutions and policies in place to implement IWRM and manage flood risk (Table 1) . The Regional Government, and in particular the Catalan Water Agency has full authority over water management for the Catalan River Basin District according to the Legislative Decree 3/2003 [38] . In Catalonia, water has been managed under this catchment boundary since 1929. It comprises an area of 16,428 km 2 and includes 11 relatively small river basins draining the coastal ranges and debouching into the Mediterranean. From the French boarder south, these are the Rivers Muga, Fluvià, Ter, Daró, Tordera, Besòs, Llobregat, Foix, Gaià, Francolí, and Riudecanyes, along with smaller catchments and associated coastal waters [39] . These catchments have been reclassified into 15 flood risk management units, identified during the preliminary flood risk assessment in 2011, which correspond to the areas where potential significant flood risk exists (Figure 2b ). The Catalan River Basin District represents only 52% of the territory of Catalonia, but because it encompasses Barcelona and other coastal cities, it supports 92% of the Catalan population (seven million inhabitants). Urban and industrial uses represent 65% of water consumption, with agriculture accounting for the rest [40] . The occupation of flood prone areas with new development along the coast has increased dramatically in Catalonia, especially during the second half of the 20th century [41] , with the most rapid development occurring right before the economic crisis of 2008 [42, 43] While the San Francisco Bay Area is considered as a single unit for some planning purposes, such as transportation, there has never been a regional planning authority with regard to water, which is managed locally by hundreds of cities, counties and special districts. The San Francisco Bay is an estuary, which receives runoff from the Sacramento-San Joaquin Rivers, as well as smaller coastal river draining the coastal ranges. The San Francisco Bay Area IRWM Region encompasses 17,770 km 2 , and includes the catchments of streams and rivers draining into three distinct "bays" within the estuary (San Francisco, San Pablo, and Suisun Bays). The San Francisco Estuary includes part of nine counties, three major metropolitan cities (San Francisco, San Jose, and Oakland), and 101 smaller cities and towns. It is the fifth largest metropolitan area in the US with a population of over seven million, and ranks as the world's 24th largest economy, fueled in part by high-technology industry in silicon Valley [44] .
Approaches to IWRM and Flood Risk Management in Spain and the United States

Flood Management and IWRM in Spain: Integrating the European WFD and the FD into the River Basin Confederations
Spain has a long trajectory of water management at a catchment scale, which started in 1926 with the creation of the Hydrographic Confederations. These State-level organizations were in charge of the management of surface water, which in Spain is "public domain" [45] . With the new constitution of 1978, regions (Autonomous Communities) gained more power in Spain. Hydrographic Confederations continued being the principal organization that managed surface water in Spain, but were divided into two different types: (1) State-level Hydrographic Confederations: when the waters flow through only one Autonomous Community; and (2) Autonomous-level Hydrographic Confederations: When the waters flow through more than one Autonomous Community [46] . This is the case of the Catalan River Basin District, where a Regional Government agency, the Catalan Water Agency, has full authority on water management. In Spain, groundwater was private property until 1985, when a new Water Act recognized that both surface and groundwater were part of the same water cycle so they should be managed under the same plan at a river basin scale. The first attempts at integrated flood risk management appeared in Spain after the catastrophic Tous Dam break in Valencia in 1982, which triggered a radical change in the way floods were managed [47] . For first time, non-structural measures such as land use planning, flood risk mapping, early warning systems and a coordinated public flood insurance system were used.
However, it was not until the recent transposition of the WFD (2000), and the FD (2007) into national law that water management and floods risk management had to be planned in an integrated and coordinated way. The WFD represented a radical reform of water legislation in the EU [48] . Under the WFD all member states had to constitute competent authorities at the river basin scale to carry out river basin assessments, to identify objectives, and define programs of measures, such that all river basins should achieve good quality status by 2015. The program of measures was to be iteratively evaluated in updates every six years, building on the river basin management plans, first submitted in 2009 and to be improved in subsequent cycles. The WFD also added ecological values to the concept of IWRM, until then neglected in the Spanish approach, and required a public participation process, involving a range of sectors, NGOs and the public [48] .
Although Spain had a long tradition in managing floods at a river basin scale the implementation of the WFD added a new definition of the unit of management. It described the river basin "districts" as the area of land and sea, made up of one or more neighboring river basins together with their associated groundwater and coastal waters (Article 3(1)) [49] . This new concept, wider than the prior Spanish definition, made it necessary to include transitional and coastal waters in the Spanish river basins, which previously had only included surface and groundwater [46] . This created some problems due to the contradictory definitions of the unit of management, as coastal jurisdiction has been a State-level role. To comply with requirements of the WFD, Spain had to re-arrange the river basin districts and set up a new organization between the Autonomous Community and the State, which was politically sensitive given the history of tensions between the State and Autonomous Communities about the control of water.
The FD must now be implemented within the WFD, so flood risk management plans must be developed by the same competent authorities established to develop and implement the WFD river basin management plans [46] . For the Catalan River Basin District, the competent authority is the Catalan Water Agency. This created some conflicts with other organizations, because in Catalonia flood "risk" was previously managed by the Directorate General of Civil Protection. Furthermore, the integration of the flood risk management plans within the WFD framework had profound implications for how flood risk management was to be implemented, especially in requiring that ecological values be considered in flood risk management. For example, the inclusion of hydromophological elements in the definition of good ecological status implied a shift in thinking about managing floods, because conventional structural measures typically result in simplification of channel form, resulting in loss of hydromorphological and ecological quality [50] . Thus, non-structural measures or soft structural measures for flood risk management, such as land-use controls, and river and floodplain restoration, are favored under the WFD [51] .
In 2015 member states presented their second river basin management plan to the EU, as required by the WFD. One key improvement over the prior (2009) plans was the requirement that the 2015 river basin plans incorporate for first time flood risk management plans taking into account the whole cycle of floods, also at a river basin scale, as required by the FD [52] . This plan is based on a preliminary assessment of riverine and coastal areas at risk of flooding, as of 2011. For such zones, flood hazard and risk maps were drawn up in 2013. These maps subsequently served as the cornerstone of the flood risk management plans.
Flood Management and IWRM in the US: National and State-Level Initiatives
While the federal government plays an important role in some aspects of water management in the US, particularly in the construction of major flood management and water supply projects, most legal authority and responsibility for water management lies at the state and local levels [53] . With an estimated 100,000 local agencies dealing with water issues and 300 state-level agencies, many with narrowly-defined and sometimes conflicting missions, the US has suffered from a lack of coordination among policies, and between policy and implementation, with respect to water supply, water quality, and flood related issues [54] . For example, in the context of flood management, local land-use agencies have permitted residential developments within designated flood bypasses that are integral components of the federal flood control system on the Mississippi River [55] .
As the concept of IWRM gained currency in the 1990s, water managers at federal, state and local levels began to recognize the need for greater coordination, particularly at a catchment scale. While no formal national-level policies exist to promote IWRM, some federal agencies, such as the US Army Corps of Engineers, have begun to articulate their work within the context of IWRM [56] . In addition, the concept has influenced approaches to water management in a number of states [11] . The state of California has gone further than most in formally promoting the practice of IWRM through state grant programs, and thus offers a good context for studying its implementation in the US, and for comparison with the EU.
In 2002, the California State Legislature created the Integrated Regional Water Management program (IRWM), designed to encourage local water agencies to collaborate with one another to develop regional-level water management plans that integrate all aspects of water management. The program emerged out of a recognition that amidst growing water demands and an increasingly uncertain climate, infrastructure-based strategies alone could no longer be relied upon to meet water needs, and "integrated" strategies addressing multiple dimensions of water management were essential. The program's creators were also influenced by IWRM principles, emphasizing the importance of holistic management at the catchment scale, and the need to engage a broad range of stakeholders in the process [29] . The IRWM program represented an effort to overcome the long-standing fragmentation of water management responsibilities in California, where over 1000 special districts, cities and counties hold authority over various aspects of water supply, irrigation, sanitation, and flood management [57] . In particular, flood management and water supply activities have long been managed through separate agencies and processes. In addition, building effective linkages between land use activities and water planning has been an on-going struggle in California, as elsewhere in the US [58] .
The 2002 IRWM Planning Act established a process whereby local agencies could form a "region" and jointly prepare an integrated plan for managing their water resources, referred to as an IRWM plan. The region was then eligible to receive funding to implement projects under IRWM plans, through grants financed by state bonds passed 2002-2014 and administered by the California Department of Water Resources (DWR). Between 2002 and 2014, a total of $2.31 billion has been allocated to advance planning and projects under the IRWM program [59] . Access to these grant funds provided the incentive for local agencies to participate and form IRWM regions. DWR encouraged regions to form along catchment boundaries, but in keeping with California's long-standing tradition of local control over water resources, program requirements allowed local agencies to self-organize around their preferred regional boundaries. By 2012, 48 IRWM regions had been created, covering 87 percent of the state's area and ranging in size from 680 to over 50,000 km 2 [60] . About a quarter of all regions follow catchment boundaries, but most are formed along a combination of catchment, groundwater, or jurisdictional lines [29] . Grant program requirements encourage diverse participation, and in fact require that regions reach out to a list of thirteen specific types of stakeholders.
The goal of the IRWM program was not simply to provide project funding. Instead, the process of writing IRWM plans and developing joint grant proposals was intended to encourage local agencies and non-governmental organizations to begin to understand each others' needs, identify common priorities, and learn to work with one another. As one state official involved in designing the IRWM program commented, "A big part of this is changing a culture, and how we look at me, my neighbors and my regions, and how to solve problems" [29] .
Despite the program's goals to integrate all aspects of water management, the IRWM program is not the only forum in which flood management activities are developed and implemented. In 2006, spurred by increased awareness of flood risks after Hurricane Katrina in 2005, California voters approved $4 billion in bond funds to improve flood protection in the state. These funds supported a range of programs, together referred to as FloodSAFE California. Of this $4 billion, only $300 million was allocated to stormwater management and flood protection projects developed by IRWM regions (this is included in the $2.31 billion for 2002-2014), and the remaining $3.7 billion has been spent through other programs and projects, particularly in the Central Valley, which faces the highest flood risks in the state. These resources have supported implementation of the Central Valley Flood Protection Plan, which involves coordination between federal, state and local agencies, who have shared responsibility for existing dikes, dams and other flood management infrastructure [61] . However, the coordination between different levels of government needed to respond effectively to large floods (of the scale of hurricane Katrina) has not been achieved. The lack of complete integration of flood management activities with the IRWM program stem in part from its voluntary character, which does not provide an appropriate setting for federal, state and local agencies to fulfill their responsibilities to maintain flood infrastructure so as to provide legally mandated levels of flood protection [62] .
Results
In this section, we discuss how IWRM and flood risk management efforts have been operationalized in our two case studies, and analyze how implementation has been shaped by their distinct "top-down" versus "bottom-up" governance approaches. Table 2 summarizes the key differences we documented between these approaches with regard to four aspects: (1) institutional setting; (2) approach to flood risk management and IWRM; (3) governance systems, particularly with regard to coordination and participation; and (4) the capacity to adapt to change. 
Institutional Context
Catalan River Basin District
In Catalonia, the regional government has a long trajectory of managing water at the catchment scale, beginning with the creation in 1929 of what is today the Catalan River Basin District. Recently boundaries have been modified to comply with the WFD mandates, as discussed in Section 3.1. The "top-down" approach to water planning and management has been further strengthened as a result of the WFD and FD. Both regulations have clear and specific goals and timelines, which must be implemented in all river basins. For example, flood risk management as an integrated part of water management did not begin until the implementation of the WFD and the FD. Following the main goal of the WFD, to achieve a good ecological status of all waters, the main objective of the Flood Risk Management Plan is to avoid increasing flood risk from existing levels, and to reduce it as much as possible in the areas with potential or significant flood risk, and it includes a set of specific objectives and measures that have to be implemented through specific actions.
SF Bay Area
In the San Francisco Bay Area, flood management aspects of IWRM are being implemented within a very different institutional context, with a strongly "bottom-up" character. California has a long history of local control over water management, and in the Bay Area, there are hundreds of local water agencies and cities with varying and often overlapping authority for managing water supply and floods. Thus, while the overall intent of the IRWM program is similar to that of the WFD-to encourage an integrated approach to water management-local agencies are not required to participate, but do so in response to the incentive of access to funding. In forming regions, local agencies were encouraged, but not required, to follow catchment boundaries. Further, the state's requirements for developing IRWM plans provided a common framework, but allowed each region to define its own goals and objectives. As a result of this voluntary, flexible approach, there is considerable diversity across the 48 IRWM regions as to their boundaries, goals, and approach to flood management.
Water agencies in the SF Bay Area chose to define their region along catchment boundaries, coinciding with the San Francisco hydrologic region, one of ten, defined by the state [37] . They did this in part because some of the agencies had worked together previously, but there was also a financial incentive to do so. The state distributes IRWM funding at the hydrologic region scale, and if an IRWM region covered that entire area, it would not have to compete against other regions for that funding. The SF Bay Area is one of only three IRWM regions across the state that chose to take advantage of this incentive; the other 45 regions formed at smaller scales and must compete for funding [12] .
The state's requirements for IRWM plans are relatively broad, defining key topics that must be covered-including flood management-but allowing considerable flexibility in defining goals, objectives, and timelines [61] . The SF Bay Plan included flood management as one of its five "over-arching goals" (Table 1) , which encompass water supply and quality, watershed health, flood management, protection of environmental resources, and overall sustainability. Under the flood management goal, the plan includes six "basic strategies" for flood management [19] :
• Integrated flood management and land use • Leverage natural watershed features • Adopt a "best mix" of structural and nonstructural approaches • Implement regional flood management at a system scale • Promote multiple benefits • Implement multiple-hazard management IRWM regions must include performance metrics in their plans, but these look very different across regions. The SF Bay Plan's performance metrics relate not to measures of progress toward reduced flood risk or increased reliability of water supply, but instead focus on whether projects are being implemented and monitoring whether the objectives of specific projects are being achieved [19] . Overall, in the SF Bay Area a "bottom-up" approach has resulted in a relatively broad set of goals, strategies and metrics that allow considerable flexibility for local agencies to advance their own priorities.
Approach to Flood Risk Management and IWRM
Catalan River Basin District
The measures included in the flood risk management plans are based on a previous risk analysis at a catchment scale, following requirements of the FD. However, there is a highly variable relationship between the ideational and procedural elements of the risk-based governance when looking at different EU countries [63] . The risk analysis in the Catalan River Basin District was undertaken in discrete steps according to the FD. First (in 2011), the Agency identified fifteen areas, that include 72 reaches of river and floodplain (about 447 km in length) and 28 coastal areas with potential or significant flood risk, based on existing data and historical flood maps [39] . Second (in 2014), the Agency created multiple detailed flood hazard maps and coordinated, with the the Directorate General of Civil Protection, flood risk maps for each risk area (to be updated every six years). The flood hazard maps include three scenarios: 10, 100, and 500-year floods (designated as high, medium, and low probability), and for each scenario they show three ranges of water depths: <40 cm, 40-100 cm, and >100 cm. The Directorate General of Civil Protection combined maps of flood prone areas (described above) with land-use maps, so the resources vulnerable to flooding (population, economic activities, environment) could be readily determined. For coastal areas, the Coastal Demarcation, a State-level organization, created maps for the 100-and 500-year events (medium and low probability), but these maps do not distinguish between different land uses threatened by coastal flooding. The FD also requires development of maps showing future flood risk, but there is currently inadequate information about future socio-economic and climate changes to create these maps with confidence.
These maps are critical for all the phases of flood risk management, including prohibition of building within the official floodplain, which in Spain is the 500-year floodplain [42] . While implementation has yet to begin in earnest, in Spain, as elsewhere, enforcing such land-use restrictions at a local scale has proved challenging [42] . Similar problems are experienced in other countries such as the UK [64] . The probability maps are also used by the Directorate General of Civil Protection to define municipalities at medium low, moderate, medium, high, and very high risk of flooding. Municipalities with medium or greater flood risk must create local emergency plans [35] . The website of the Directorate General of Civil Protection includes these three scenarios, plus the area of the maximum ordinary flood, the 10 and 50 year flood probability maps, and a residual risk map of potentially flooded areas, which are 500 year flood probability maps according to geomorphological features only, i.e., what areas would flood if dikes failed.
The third step (2015) involved creating a flood risk management plan for the Catalan River Basin District by setting up objectives and developing a Program of Measures, which now is being implemented through specific actions. The plan includes measures across the cycle of flood risk management (Figure 1 ): Territorial and urban planning measures for prevention; hydrologic, river restoration, and coastal measures to increase protection; civil protection measures for emergency management and short-term recovery; and measures to promote insurance as a tool to long-term recovery. Each measure is classified as high, medium or low priority taking into account its importance in solving a specific issue, the cost-benefit analysis, the impact in other measures, especially the impact on achieving the environmental water goals of the WFD.
SF Bay Area
Unlike in Catalonia, not all flood management activities in California are coordinated with the IRWM process, in part due to the program's voluntary nature. The SF Bay Plan focuses primarily on the flood mitigation phase of the flood risk management cycle. It does not include regional-scale flood risk mapping. Flood maps in the US are actually Flood Insurance Rate Maps, not flood "risk" maps, and are undertaken by the Federal Emergency Management Agency (FEMA) under the National Flood Insurance Program (NFIP). These maps are used at the local scale by municipalities to zone developments and to determine whether property owners are required to purchase flood insurance. The SF Bay Plan mentions this process, but does not seek to play a role in it, or utilize floodplain maps to prioritize IRWM projects for funding.
Instead, the identification and prioritization of projects to implement the SF Bay Plan is guided by a broader set of criteria and is driven by local interests. Once the plan's overarching goals and the basic strategies were developed, the Coordinating Committee-a committee 10 representatives of agencies involved in the process-held an open "call for projects". Any governmental or non-governmental entity in the Bay Area could propose a project that would support plan implementation. The submitted projects were then reviewed and ranked according to criteria that included whether or not they would help address the region's goals, were technically feasible, whether it addresses the needs of disadvantaged communities, and more [19] . In proposing projects related to flood risk, local entities would have typically consulted flood maps produced by FEMA, but the process was not designed to prioritize projects according to the degree of flood risk at the regional level.
Ultimately, the plan included a prioritized list of 315 projects to meet regional needs. The on-going work of the San Francisco Bay Area IRWM region is to seek funding to undertake these projects, through the IRWM funding process, as well as other avenues. For each funding round, the Coordinating Committee decides which projects to include in a particular grant proposal. Top-ranked projects are more likely to be included, but other factors such as the availability of matching funds are also considered. As of 2016, the San Francisco Bay Area IRWM region had received over $163 million from bond funds for 28 projects that we identified as flood-related, based on our analysis of project descriptions. Many projects were multi-objective, and most received only part of their total funding from the DWR IRWM funding. For example, the Milliken Creek Flood Damage Reduction and Fish Barrier Removal in Napa County, received $0.5 M of its total $1.4 M cost through IRWM.
This high level of local co-financing demonstrates that the projects implemented as part of the regional plan have strong local ownership, as might be expected through a "bottom-up" approach. At the same time, relying on local leadership to propose and co-finance projects means that parts of the Bay Area with limited resources will have more difficulty proposing projects for inclusion, and obtaining IRWM funding to implement them. Flood risks tend to be highest in lower-income communities, particularly as sea level rise exacerbates local flooding [36] . Thus, this bottom-up process may not ensure that the most serious flood risks are being addressed. The IRWM program tries to address this by setting aside 10% of project funding statewide for projects in low-income communities, and by waiving the requirement for local matching funds [65] . However, significant barriers remain for low-income communities to propose and receive funding for projects through the IRWM process [12] .
Governance System (Coordination and Public Participation)
Catalan River Basin District
Coordination is a critical aspect of the implementation both the WFD and FD (Articles 8 and 9). The Catalan Water Agency is the competent authority to implement the WFD in the Catalan River Basin District (Table 1) . Because flood risk management plans must take into account the entire cycle of flood risk management (Figure 1) , the plan development must include all actors involved in flood management at different governance scales. Figure 3a summarizes the main organizations in charge of the different phases of flood risk management in the Catalan River Basin District. The flood risk management plan must be coordinated not only with the river basin management plan, but also with other existing plans related to flood management. These include the general emergency plan of Catalonia, the special emergency plan for flood risk of Catalonia, the local emergency plans, the industries emergency plans, the dams emergency plans, and also other flood-related protocols such as early warning systems.
To encourage public participation, the Catalan Water Agency invited 5000 actors involved in water management in the region (such as NGOs, water agencies, local water departments, and private water purveyors) to meetings to provide input into the decision-making process for the measures [39] . However, the participation of local actors was minimal. The final plan took into account the suggestions of the participants in the public process and was available online for a three-month comment period. The final documents (including public comments) are publicly available on the website of the Catalan Water Agency [39] . Across Europe, the processes used for public participation and the degree of engagement of local stakeholders varied widely [66] . The degree of stakeholder involvement can have strong implications in the degree of ownership of flood-related projects and in the progress towards adaptation strategies to cope with climate change, since many of its impacts will be experienced at a local scale [67] .
SF Bay Area
Since there is no single, regional-scale agency responsible for flood planning or other aspects of water management in the SF Bay Area, local agencies had to organize themselves to create a means for working together on the IRWM plan. In 2004, 19 local water districts, cities and county agencies signed a memorandum of understanding to work together, and formed a Coordinating Committee to govern the process of developing and implementing plans. In addition to a chair and co-chair, this committee includes three representatives each of the agencies involved in the following four "functional areas" of water management: water supply/quality, wastewater/recycled water, flood and stormwater management, and catchment/ecosystem protection. This structure reflects the fact that prior to the IRWM process, water supply agencies had already organized themselves into several networks, one focused on water supply and quality issues (the Bay Area Water Agencies Coalition), and wastewater and sanitation (the Bay Area Clean Water Agencies). The committee did not assume regulatory authority over the four phases of flood risk management; such a step would have met with strong resistance. While local entities with land use authority do participate in the process, this is motivated by the availability of funding for projects related to the flood mitigation phase. There has been no involvement by representatives of emergency management and recovery, such as the FEMA, insurance companies, and the US Army Corps of Engineers (see Figure 3b) .
IRWM program guidelines also required regions to conduct extensive outreach in the development of IRWM plans, particularly for the 2013 update [65] . Coordinating Committee members, with the help of consultants, hosted sub-regional meetings to discuss water management needs and project ideas, and held numerous public meetings. The region's stakeholder engagement involved a diverse group of water supply, water quality, wastewater, stormwater, flood control, catchment, municipal, environmental, and regulatory groups. This included representatives from federal, state, and local water resource and regulatory agencies, non-governmental organizations-in particular those NGOs that represented disadvantaged communities, and the general public.
Given its voluntary character, the way in which the IRWM process can influence the practice of floodplain management is not through plan requirements, but rather through increased dialogue and knowledge exchange among land use and water management stakeholders, which may lead them to identify new ways of working together on a voluntary basis. Our research indicates that IRWM program did contribute to the formation of new connections between flood managers in the Bay Area. Prior to the IRWM program agencies involved in flood management and ecosystem protection had not been formally organized. The need to represent these interests in the IRWM Coordinating Committee led to the creation of the Bay Area Flood Protection Agencies Association, which has become an active forum through which local flood managers work together. In addition, an informal network of public and non-profit agencies was created to lead the catchment protection functional area [12] .
However, with regard to building working relationships and integrating the activities of across different aspects of water management and land use, research suggests that the IRWM process in the Bay Area has had only a limited effect [68] . One example of this is the way in which land use planning is integrated with the IRWM plan. Local land use entities such as cities and counties do participate, but are not required to alter their local land use plans to take the goals of the IRWM plan into account. They continue to utilize the flood maps produced by FEMA, the federal agency responsible for flood mapping, but FEMA is not extensively involved in the IRWM process (Figure 3b ). There is a separate regional planning process, called "Plan Bay Area", which seeks to concentrate new development at transit "hubs". However, due to limited coordination between the IRWM process and the Plan Bay Area, many of these new transit hubs are on floodplains and highly vulnerable to flooding. Thus, the land use priorities advanced in the name of one socially desirable objective (increased use of public transit and reduced reliance on automobiles) run against the efforts to minimize flood risk.
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Capacity to Adapt to Change
Research has suggested that adaptive governance arrangements must have systems in place to access and incorporate into decision-making new knowledge about changes in the climate, socio-economic conditions, and ecological systems, and lessons learned through policy implementation [8] . "Bottom-up" arrangements are often viewed as being better able to support the necessary learning than are "top-down" ones, since collaboration among a wide range of stakeholders can bring diverse forms of knowledge to bear directly in the decision-making process [5] . However, building upon Huntjens [9, 20] , our comparison of the Catalan coastal region and the SF Bay Area suggest that some features of "top-down" approaches can also have value in this regard.
As described in previous sections, implementation of the WFD and FD in Catalonia has led to the expansion of public participation in what was already a river basin scale planning process. This suggests that the planning process has potentially gained access to new inputs of knowledge from a wider range of interests. Whether or not this knowledge informs the plan and its implementation depends upon how the Catalan Water Agency, which is ultimately responsible for overseeing the plan, structures the participation and builds ownership among agencies whose cooperation is required to implement the plan. The development of the 2015 plan appears to have been informed by input from diverse participants, but it is uncertain as to how implementation will proceed. Has participation in the process built new relationships between land use and other entities that will support on-going information-sharing during implementation? Will lessons learned from this first phase inform the update of the plan six years later? Additional research will be needed in the coming years to address these questions.
If participation does lead to the creation of new networks, Catalonia's top-down approach has a few other features that would seem to support adaptive governance. The EU requires that plans under the WFD and FD be updated every six years, which provides an on-going structure for reviewing and incorporating lessons learned and the current state of scientific knowledge. The FD requires that climate change be accounted for in flood risk assessments and maps, which better 
If participation does lead to the creation of new networks, Catalonia's top-down approach has a few other features that would seem to support adaptive governance. The EU requires that plans under the WFD and FD be updated every six years, which provides an on-going structure for reviewing and incorporating lessons learned and the current state of scientific knowledge. The FD requires that climate change be accounted for in flood risk assessments and maps, which better enables planning for future extremes. Furthermore, funding is in place for the first six years, and includes considerable support (630 out of 917 M€, or approximately two-thirds) from the regional government [69] . Water users, local governments and the state government also share in the cost, and additional sources of funding are available through the EU. Ten percent of the budget is dedicated to flood risk management, amounting to 97 M€. This provides a clear budget for the first six years, and given that on-going planning will be required by the EU beyond that time period, continued funding is likely. These funding arrangements, accompanied by a clear on-going role for the Catalan Water Agency in continuing to manage the process, provide a degree of stability that enables more long-term thinking. However, financial problems of the Catalan Water Agency will necessitate rethinking funding sources in future cycles.
The SF Bay IRWM process bears out some of the expectations in the literature about the benefits of a "bottom-up" approach for adaptive management [15, 16] . The Coordinating Committee itself is composed of local agencies, who bring their own knowledge to bear in the planning process and play a strong role in determining how projects are prioritized and selected for implementation. In addition, because local agencies needed to represent the interests of the flood management community on the Coordinating Committee, a new regional network of flood managers was formed. This network promotes on-going dialogue even outside of activities related to the plan. Finally, there is a high degree of local ownership over projects that receive funding, and therefore a considerable potential that local entities can contribute knowledge gained through implementation to inform future efforts.
However, the decentralized nature of the Bay Area's IRWM process may also pose difficulties for adaptation. Similar to the EU, IRWM guidelines in California also require that plans be updated periodically. However, they do not set specific timeframes for updates, leaving it up to regions to determine when updates are needed. IRWM plans are required to address climate change; and the state government has provided guidance on a basic vulnerability assessment that all regions must conduct [65] . However, this does not include quantifying how changes in sea level rise and extreme precipitation events will affect flood risks. FEMA's floodplain maps, which are utilized for planning by local land use authorities, do not yet incorporate climate change, although FEMA has been studying the issue [70] . Furthermore, the IRWM process does not have a stable source of long-term funding. Funding so far has come from bonds that were approved by voters in statewide elections in 2002, 2006 and 2014, but future bond funding is uncertain. Since participation in this voluntary program is largely incentivized by access to this funding, it is not clear whether regional planning will continue without this incentive. Finally, since no regional entity exists in the Bay Area with the mandate and capacity to support on-going regional water planning, the future of the Bay Area's IRWM process is even more uncertain.
Conclusions
We examined two attempts to implement IWRM and flood risk management under similar climatic and hydrologic conditions, but with distinct institutional settings and governance approaches. The Catalonia region of Spain primarily represents a "top-down" approach, in which EU regulations through the WFD and FD determine its goals and timeframes for achieving them, and a single, central entity, the Catalan Water Agency, is responsible for implementation. The San Francisco Bay Area region in California, on the other hand, is "bottom-up" in that the IRWM process is voluntary and encourages government agencies to collaborate with one another and determine their own goals, objectives and timeframes. We find that in these distinct governance settings, there are considerable differences in how IWRM and flood risk management are operationalized. In Catalonia, due to its long history of regional planning and compliance with EU-wide requirements, all four phases of the flood risk management cycle are integrated into the IWRM planning effort and projects are prioritized based on regional flood maps, as required by the WFD and FD. In the SF Bay Area, the lack of a broadly accepted role for regional planning and the voluntary character of the state's IRWM program has meant that only certain flood management activities are being coordinated at a regional scale, and projects are not prioritized to address the region's most significant flood risks. On the other hand, the Bay Area's "bottom-up" style appears to have led to greater ownership of the process on the part of participating agencies, as compared to Catalonia where local water departments and agencies have played a more limited role. Finally, much of the current literature suggests that "bottom-up" structures have more of an ability to bring together diverse knowledge in ways that can actually be integrated into decision-making in an iterative manner [8, 19] . However, our study suggests that some features of "top-down" arrangements can be critical for adaptive capacity. For example, we note that the SF Bay Area faces considerable uncertainty with regard to future financing and lacks a stable entity that is willing and able to take on regional coordination over the long term.
Our findings contribute to understanding what governance structures may be best suited to implement IWRM, especially in understanding relative merits of "bottom-up" vs. "top-down" approaches in supporting integrated management and adaptation. Overall, our research suggests the need for a balance between "top-down" and "bottom-up" approaches, consistent with the findings of Huntjens et al. [9, 20] and Pahl-Wostl [15] . The SF Bay Area IRWM process appears to have generated new networks among stakeholders involved in flood management, as well as in watershed health, and has brought many local entities into dialogue with one another for the first time. This offers the potential for new learning and strong ownership of the process among participants. However, the lack of an entity with capacity to provide leadership on an on-going basis, accompanied by uncertain funding, makes effective long-term and iterative planning difficult. This capacity does appear to exist in the Catalonia case, in part because the "top-down" nature of the WFD and FD led to requirements for on-going planning at the river basin scale. However, whether or not the Catalonia case will generate new networks, dialogue, and knowledge sharing among participants in the planning process will depend upon how the Catalan Water Agency exercises its role in managing the process and encouraging participation. Research on "boundary" or "bridging" organizations suggests that the Catalan Water Agency would be most likely to promote learning and adaptation if it takes a facilitative, convening approach to its role as a central actor, actively promoting dialogue among participants rather than acting as a gate-keeper for the implementation process [71, 72] .
The "top-down" and "bottom-up" approaches employed in the two case studies are not so much the result of choices made during the inception of these IWRM efforts, but instead arose from long-standing institutional arrangements that favor one approach or another. Given California's long-standing pattern of local control over water, it would be difficult to impose "top-down" governance that would be perceived as legitimate, no matter what benefits it might offer. In Catalonia, engaging in a collaborative style of management in which decision-making is shared between regional and local entities might be equally hard to initiate, despite the learning it might generate. Nonetheless, the SF Bay Area and Catalonia have something to learn from one another in implementing IWRM. Institutional change is often incremental [73] , and these contrasting experiences with flood risk management and IWRM could spark ideas for smaller changes that might be feasible to introduce. For example, Catalonia's experience suggests the value of regional-scale flood risk mapping for identifying areas with the highest levels of flood risk. Thanks to the "top-down" approach in that region, the regional water agency is able to use these maps to prioritize which flood risk measures should be implemented. Although the current institutional setting in the Bay Area may not currently permit the direct use of regional flood maps to prioritize projects, the Coordinating Committee could still decide to create and distribute such maps as a resource. While local agencies would not be required to utilize it, they might find it to be a valuable tool that they would not have been able to produce themselves, and over time it may gain relevance in decision-making. Catalonia can also draw lessons from the Bay Area's strong ownership of the process among the local agencies involved, and the value of the horizontal networks it has generated. The Catalan Water Agency, while retaining its authority over water management in the region, could seek to convene local agencies at multiple phases in the planning process, and potentially help to create similar horizontal networks. Actors involved in IWRM and flood risk management in other settings, particularly in Mediterranean climates where extremes in rainfall are already common, and are likely to be further exacerbated by climate change.
There is considerable room for additional research on these and other cases to better understand how "top-down" and "bottom-up" approaches perform and interact with one another to support integrated and adaptive water management. In particular, further research could help clarify how centralized authority can be exercised in a way that promotes broad and meaningful participation. In the EU, the future implementation of the WFD and the FD will provide an excellent context for this. In California, legislation was passed in 2014 that introduces, for the first time, statewide regulation of groundwater use, while still providing local water agencies with a considerable role and requiring extensive public participation [74] . This setting will provide an opportunity to assess how to balance "top-down" and "bottom-up" approaches to governing water resources.
